“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1947 


A pulsed high frequency phase detector with 
an output integrating circuit. 


Kurtz, William Richard 


Massachusetts Institute of Technology 
http://ndl.handle.net/10945/6522 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist Ser Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ies) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


A PULSED HIGH FREQUENCY PHASE DETECTOR 
WITH AN OUTPUT INTEGRATING CIRCUIT 





William Richard Kurtz 








NAVY DEPARTMENT 
P11-3/(D3X) OFFICE OF COMMANDING OFFICER 
NAVAL TRAINING SCHOOLS 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
CAMBRIDGE, MASS. 





24 November 1947. ORD. vifiuk LUPY 

From: Commanding Officer, Naval Training Schools. 

O's Superintendent, U. S. Naval Postgraduate School. 

Subj: Thesis entitled "A Pulsed High-Frequency Phase Oe 


Detector with an Output Integrating Circuit", 
prepared by LCDR William Richard Kurtz as a partial 
fulfillment for the requirements of a Master's 
degree. 


1. The thesis supervisor, Professor H. J. Zimmermann, assigned 
a grade of "C" to this work, with the following comme.it: 


"This research project represented a deternuined 
effort on the part of the student to arrive at the 
end result. Perseverance brought an otherwise average 
performance to the graduate level." 


RETT Ey E- 
e 
= 





Encl. 
1. Two (2) copies of 
Subject thesis. 


90669 











ABSETRACT 


fhe basic principles of phase detectors and pulse 
integrating oireuits have been understood for many yesre. 
Most of the developmental work done on phase detectors nae 
been concentrated on circuits desiauned to operate at audio 
or power frequencice, Fulese integrating circuits were not 
in demand until ecuipment involving the use of pulsed sig- 
nals was constructed. 

A critical investigetion of three high frequency phase 
detectora is made in an effort to determine the operational 
limitations of each, The phase detectors studied operate 
at a frequency of 30 mezgacycles; the input signals to these 
Getectors are pulses of energy at the carrier frequency. 
the duretion of there input pulses is expected to be between 
S00 and 4000 pulses per second, 

The effect on the operstion of each circuit by an in- 
equality in the amplitudes of the input signals is investi- 
gated. Effects of a deviation from the opersting frequency 
of 30 megacycles are studied. A study is made of tne mini- 
mum pulsé width of the input signals which can be used and 
yet furnish relisble output signals, One requirement which 
must be met br each circuit is that there must be no output 
when one of the two input signalée is zero. 

When there ia a constant rrte of change of phase be- 


tween the two input signals to a pnese detector, the 





amplitude of the output pulse will be varying at a cyelic 
rate, A pulse-integrating cireuit is connected to the out- 
put of the phase detector to integrste the information de- 
noted by the amplitude of the output pulses, The cutput 
from the pulse-integreting circuit is used to determine 

the envelope frequency of the phase detector output pulses. 

The output of a 30 megacycle signal generetor isa 
pulse-modulated, and the output sent to a phese detector 
through two patha. Located in one path ie a circuit cap- 
able of introduelng an amount of phase shift which can be 
varied from 0 to S60 degrees. The operating chiracter- 
Satics of the three phase detectors are studied for wide 
varistiona in the amplitude, duretion, and carrier fre- 
quency of the input puleea. Bach phare detector ie also 
tested using CW input sgignale. 

Por testing the pulse-integrating circuit, a conatant 
rate of change of phase between tne two inputs to &# phase 
detector is introduced. With tne emplitude of the output 
pulse from a pnése detector verying at some definite 
frequency, the output of the pulse-integr« ting circuit is 
etudied for different pulse repetition frequencies and 
different pulse widths. 

The reaults of the teste mede on the puese detectors 
indicated tnhrt the simplest clreult operated best, while 
the moet complex ecireuit introduced undesirable diatortion. 


The diode pulse-integruting circuit tested does not oper te 
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satisfactorily if the pulse repetition frequency is leas 
‘tian 500 pulses per second or if the invut pulse te . 
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CHAPTER I 
INZHODUCTION AND STATEMENT OF DAK PROBLEM 


The basic principles of phase detectors end pulse 
integrating circuits have been understood for many years. 
Most of the developmental work done on phase detectors has 
been concentrated on clreuits designed to operste at audio 
or pover frequencies, Pulse integrating circuits were not 
in demand until equipment involving the uee of pulsed 
signals was constructed, 

The increaring use of microweves for rader and com- 
munications has aroused interest in high frequency phase 
detectorr. A need for phese compyrison of two signals at 
the intermediste frequencies used in the microwave equip- 
ment has #srisen, and the development of units to perforn 
this function has been initiated, A critical investigation 
of the operatiny, cheracteristicsa of three high frequency 
phase detectors +111 be mede in an effort to determine 
the operational limitations of each. 

The phase detectors to be studied operate at a fre- 
quency of 30 megscyclesa; the input signals to the phase 
detectors are to be pulses of onergy et the cerrier fre- 
quency. The duration of these input pulews is expected 
to be between 0.65 and 10 microseconds, and the pulse 
repetition frequency is to he between 500 and 4000 pulses 


per second. 








& phaeée detector develops an output voltage proport-~ 
lonal to the reletive phese angle exigting between the two 
input signals. One of tne stipuleted requirements to be 
met by each phase detector ia that there must be no out- 
put when one of the two input signals is zero. The effect 
on the operation of each circuit by an inequality in the 
emplitudes of the input signeis will be Invesatigeted, 
another fector to be considered is the effect on circuit 
performance produced by a devi»stion from the cperating 
frequency of SO megacycles. 

The need has arisen for definite informetion regserd- 
ing the minimum pulse width of the input signals which can 
be used and yet furnish reliable output signals. A study 
of the minimum pulse sidth involves determination of the 
number of cycles of the cuorrier frequency in the input 
signs] which must be compured in the phase detector to 
provide an output signal whose amplitude varies with the 
phase «engle existing beteeen the two input signais, Tre 
effects of changing the pulse repetition frequency will 
waleo be investigated, 

With the edvent of pulee-time-modulation communication 
aystems and radar inatall:tions, circuite have been dee 
signed which integrate pulees of varying amplitude occurring 
at periodic intervals. The majority of these circuits have 
been designed to hendle Input pulses of one polarity only, 


usually positive, To integrate the output pulses from a 





eee Pevn we aes zee Cou ! 
| pe, Seem eVIOLe ane a fame) 











Fe ae 
UF —s ee! okays Gag 
' . . famine Seances, » a . 
= - he elt oh 
7 
nat Ga ; 
‘ a P 
i 
sot tem 





phase detector, @ clreult which is capable of accepting 
input pulses of both polarities must be used. Of major 
interest in the investigation of the output integrating 
ecireuit are the effects of the pulse repetition frequency, 
pulse width, and pulse amplitude upon the integreted output, 

A block diagram of the equipment ueed to test the 
20 megacycle phase detectors and the pulse-integrat ing 
clrealt is shorvm in Pig. l-l. Some of the equipment shown 
in the diagram is availsble comnercially; the remainder 
was constructed in the laboratory, 

The ~anufactured units of the block diagram ere 
Listed eas follows: 

Wodel 200 Hewlett Packard Audio Oscill.tor (used to 


determine the pulse repetition frequency ) 


@ General Radio Co. 869-A Pulserse (one negative 


pulse output and one positive pulse output) 


General Radio Co. Signal Generator S05-AS1 (a 


special medel capable of being pulse modulated) 


Model 200 Ballentine Electronic Voltmeter (used as 

an eudilo amplifier) 

The SO megacycle amplifier shown in tne block diregram 
fae an AN/APS-10 I.F, amplifier atrip with the detector 
stage removed, The remaind«r of the units are deseribed 


in the succeeding chapters, 
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CHAPTRR II 
A STUDY OF 30 MSGACYCL#? FPHAS? DET ACTORS 


A phase detector, sometines called a phase sensitive 
rectifier, develops an output voltage proportional te the 
relative phase angle existing between the two input signals. 
The basic circuit diagrem of a low frequency phese detector 
is presented in Fig. Y-1 (a), and tne circuit operation is 


expleined with the aid of the diagram. 


OutTrur 





Fig, 2-1 (a) Basic Low-Frequency Phase Detector 

A more or less standard procedure nas been developed to 
obtain tne desired output at low frequencies, Ons of the 
two input signéls to the phase detector, B,, is applied to 
the primery winding of a transformer. The voltsg,es induced 
by B, apperring et the end terminals of the eecondary winding 
are of eguel magnitude but 180° out of phase, The second 
input signal, Ep, is introduesd as shoen, combining with 
the escondary voltages Ladueed by E, to produce tro ner 


voltages, Ey and E.. These voltages represent a vector sum 


and vector difference of the two input signals. This can 
Xe illustrated with the aid of the vector diagrams shown 
in Pig. 2-1 (b). 


Ec, 
E 
Fa ~~ oe Ey 
E | 
E, 
Qe Qe 
Es 
E, 
Es 
=F, —€, e = 
Es 
| @= 135° @= 90° @= 0° 


) Pig. 2-1 (b) Voltage Relationship in a Phase Detector 
Let E, and Ey represent the two input signals to the 


phase detector, and © the phase angle between the inputs. 
Signel Eg is split into two equal vectors, 180° out of 
phese, Yg and ~Eg. Signal Bp is added veetorially to Ha 
and -F,: the vector sum By +B, is represented by E> and 
the vector difference By “i, represented by Boe Signals 
By and Bo are rectified, filtered, and the two resaultent 
GQ-c voltages are added differentially at the center tap of 
a resistance mixer. The final d-e output signsl is essent- 
jelly the difference of the two rectified signals. <Aasuwn- 
ing equal detector efficiences, if Bj, is greater in megni- 


tude than £,., the output signal is positive; if Esiae the 








larger, the output signal is negative, 

A study of the three diagrams in Pig. 2-1 (b) reveals 
that the output from tne detector sill vary approximately 
ag the cosine function of @. When @ = o°, |&|- Belis a 
positive maximum; when 6 =180°, [25 | - {2..| is a negative 
maximum, and the output will be zero when © = 90° or 270°. 
A simple sketeh of the expected phase detector output as 


a function of phase difference bet»een the incut siynals 


is shown in Pig. 2-1 (c). 





Pig. 2=1(¢) Qutput as a Function of Phase Difference 
Once the principles of operation hseve been established, 
it becomes a m tter of cireulit technique to create & 
practiec:1 phase detector. 

Tne enrly development of phase detectors tas been 
Goncentrated on cireuitse to be used at sudio or power 
frequencies. Low frequency phase detectors are frequently 
used in servomechenism applicetions. Howevar, there is 
Considerable interest in phase detectors woich will oper- 


ate satisfactorily at frequencies of many megecycelés. 


Thia chapter will be devoted to a study of three different 
phase detectors which operate at 30 megacycles. 

At low frequencies the problem of splitting one input 
signal into equal and opposite vectors has been solved by 
using transformers. Such equipment is not feasible shen 
the frequency of the input signal ie 30 mogacyeles; the 
phase splitting is performed in amplifier stages. A 
deseription of the operation of a 30 megacycle phase de- 


tector will explain the preceding statement more fully. 
A. The Phase Detectors investizated During tne Reseserch, 


The Naval Resesrch Laborstory designed the 50 mega- 
cycle phase detector «hose schematic wiring diesgram is 
presented in Pig. 2-2. The input signal to channel “A™ 
is converted into two signals 180° out of phase by means 
of a ecathode-coupled amplifier, Vil V2. The plate losd 
resistors of there miniature pentodes are adjusted to 
provide equal signal voltages st the plretes of V1 and V2. 
These teo equel and out-of-phase volt»ses ere tnen fed 
into tro diodes connected back-to-back, The other side 
of each diode is supplied #itm the second input signal. 
Thus the output voltage developed by each diode is depend- 
ent upon the phasing and amplitude of the plete and cathode 
signelse. The diode detector loads conaist of <200 ohms in 
parallel with 24nup~f. In operation, the output of each 


diode is added differentially st tné center-tap of a 
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resietance mixer, with the center-tap adjustable to com- 
pensete for eny unbselance in circuit perameters., - 

The achemetic xiring dinegram of the second phase 
detector being studied is presented in Fig. 2-S. This 
differential amplifier phase detector accomplishes the 
vector addition of two voltayen in a somewhat different 
manner ,+ A cathode-coupled amplifier Vl V2 ia used to 
accomplish the phase splitting of the signal epplied to 
channel "A”,. The cathode load for this amplifier consists 
of a pentode, with the second input signal introduced on 
the grid of the pentode, VS. A signal in channel “A" will 
produce two voltages 180° out of phase acrogs the load 
resiators, while a signal itn channel "8" will produce two 
in-phase voltages across these waaveuare, With signals 
applied to both channels, vaihages representing a vector 
gum and a vector difference are produced across the 1K 
resistors. 

The voltages produced at the pletes of V1 and V2? ere 
fed into two diodes connected back-to-bsck, The output 
of each diode ia eaddad differentially at the center-tap 
of & resistance mixer, and the final output taken off 


through a cathode~-follower output stage, V6. 
The NRL and differential emplifier phase detectors 











1. This SO megseyele phase detector »as designec by | 
W. B. Renhult of the Research Leboratory of Electronics 
at the Measachusetts Institute of Technology. 
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contain only helf-wave rectifying steges. Fig. 2-4 is 
the schematic wiring diagram of a full-wave phase 
detector, © This cireuit consists essentially of two 
aifferential emplificr phase detectors in pirallel, with 
the addition of another phase splitter s:hich aplite the 
¢éhannel "BY input signal into tro equal vectore, 180° out 
of phase. The outpute from V3 V4 and V6 V7 are fed 
into two pairs of diodes connected back-to-back, From 
thet point on the operation is identical to thet deecribed 
in the preceding parsgraph on the differential amplifier 
phase detector. 

In all three pnease detectors, small chokes «re used 
to resonate the input capscitances to the phase-splitting 
atages and the diodes, Ministure tubes have been used 





t and the construction of the detectors mede «es 


compact es possible. 
Be. A 50 Megacycle Phase Shifter 


Some means must be provided for varying the relative 
phase angle between the two input signals to & phase 
detectcr. At a frequency of 30 megacycles tie problem of 
obtaining e phase shifter which operates setisfeactorily 


becomes acute. A schemetic wiring diegram of tne circuit 





Se The full wave phare detector was designed by 
- B. Renhult of the Reseerch Laboratory of Electronics 
et the Messuchusetts Institute of Technology. 
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used is presented in Pig. 2=5,° A brief explenation of 
the phase shifter's operation is necessary for clarity. 

Located in the grid circuits of Vl and V@ ere RC 
phase-shift networks deaigned to produce voltagea which 
are in quadrature at the grids of these stages when the 
frequency of the input signal is 30 megacycles. ‘Two 
cathode-coupled amplifiers split these signals into four 
equel voltages, separated in phase by 90 electrical 
Gegrees, The four signals sre applied through isoleting 
cathode followers to the plates of a Western flectrice 
Phase Shift Capscitor, As the shaft carrying ean eceentric 
dielectric plate is rotated, the output will be of constant 
amplitude, with the phase shift virying smoothly from zero 
to 360 electrical degrees. <Attsched to the shaft carrying 
the dielectrie is a dinl gradugted from 0 to 560 degrees, 
to be read sysinet a fixed pointer. 

If two signals of the same frequency and of equal 
amplitudes sre applied to the horizontal and verticel 
deflecting plates of an oscilloscope, the waveform appear- 
ing on the cathode ray tube will be either eae circle, an 
ellipse of some shepe, or 4 straight line, depending upon 
the phuse relationehip between the tro input signals. 


When the amount of phese difference between the two 





S&S Thies 350 megacycle phase shifter was designed by 
*, B. Renhult of the Resesrch Laborstory of Flectronice 
at the Massachusetts Institute of Teehnology. 
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signale ia verlec from zero to 560 degrees, the Lisssjous 
figure on the oscilloscope #111 make one complete revolution. 
This fact was utilized in calibrating the 30 megacycle phase 
enifter, and e block diagrem of the system used in the cali- 
bration process is shown in Pig. &-6. There was svailable 
in the laboratory a system which hed been successfully used’ 
to calibrate 100 kiloeyecle phase shifters. That portion of 
the block diagram sahown in Fig. &-6 which is contained 
within the dotted lines was the system previously developed, ” 
The croblem of utilizing thia equipment in the calibration 
of a 3O megacycle phase shifter was soived by the construct- 
ion of four additional mixer etages. A General Radio Co. 
B05-B Signel Genesretor war used to supply the 29.05 neg- 
acycle gignal needed for the frequency conversion. 

The dial mounted on the sheft attached to the phese_ 
shift capecitor wes set on zero, An arbditrery small 
amount of phese shift was introduced, using the 100 kilo- 
eycle goniometer, to bring the pattern on the oscilloscope 
into the desired position, in this case a straight line 
at 045°-225°, When the phase shift capacitor was rotated 
through 5.675 electrical degreéa, the oscilloscope wave- 
form went through one complete revolution. The dial reading 


on the phase shifter was recorded, and the process repe. ted 





4, This system wae set up by R. A. Glaeer of the Research 
Laborstory of Electronica at the Massachusetts 
Institute of Technology. 
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65 more times. In this manner, 64 check points on the phage 
enifter disl were obtained, 

After the calibration runs, tho known facts regarding 
the 64 recorded points waa that’ they were 5.625 electrical 
degrees apart, and the phase shift condenser hsd made exactly 
one revolution. Knowing that there 64 recorded points were 
contained in exactly S60 physical degrees of phase shift 
capacitor rotation mede it possible to use the phase shifter 
in the investigation of phase detector output as e funetion 
of phase shift between the input signals. The actual point 
of zero phase shift was determined by observing the output 


of the three phase detectors as a function of dial rotetion. 


C. Resulta of the Bhase Detector Tests, Using OC Input 


Signelsa ss 


Before entering into a diseussion of the resulte of 
the tests conducted during the investigation, it would 
be advisable to recall the three principle operations 
which take place in a phose detector, First, the phase 
splitting process, usually accompanied by amplification 
ef the input signal which is split into two equal vectors, 
180° out of phase. Second, the combining of vel teges to 
form a vector sum and e vector difference, with possibly 
some emplificetion of the second input signal before it 
combines ~ith the two equel «nd opposite volteges, Third, 


the actual rectifying process and differentie«l sddition 
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of the rectifier outputs. 

The first tests were made with » 70 megecycle ummaod- 
uleted CH signsl; referring to Fig. 1-1, that portion of 
the block diegrem was in use beginning with the signal 
generator, up to and including the phase detector. Since 
the phase shifter had a measured attenuation of 38 db, it 
wae necessary to amplify the output from that unit. aA 20 
megacycle AN/APS-10 I.P, amplifier strip was used through- 
out the researeh project for this purpose, 

The gain of the 30 megecycle amplifier was adjusted 
to produce equal signals et both inputa to the chase 
detectors. Pig. °-7 presents a plot of the output of the 
tharee phase detectors as a function of phese difference 
between the inputs. As expected, the emplitude of the 
output signal from the full wave phase detector was the 
greatedt of the three, This may be attributed te more 
amplification before the detector strges, end a greater 
efficiency of detection. The output from the differential 
amplifier phaee detector is slightly larger then th t from 
the NRL phese detector, which is due princip&ally to more 
gain in the pheee-splitting cathode-coupled amplifier. 

While tha deta to be plotted were recorded, the gain 
of the 30 megecycle amplifier was unchsnged. However, the 
amplitude of the output eaignal from the pheee shifter was 
not constant, but variod five per cent as a function of 


phase shift condenser setting. “lth such « masll change 


hid eoUier = 





. 
' 
= cd 
- Ce 
° a a a ® , 
| 
» 
5 = 
st 
= bad 7 
7 ; 
0 
J J 9 =p 
- + » 





<Q 


$334¥930 — SLNdN! N3SSML3ISG 13!HS 3SVHd 
Ov2 08! Ozl O 


3SVHd 





4O 


a 0; 
° 
vi 
¢ 
I 
S 
nT rm 
| 


Fant 


be 

° 

rw 

YO1L939130} 3SVHd WYN | @—————8 ’, 
OL939130 3SVHd| IdWyY ‘ssid | ~~? A 
0193130 3SVHd JAVM 19NS | @——O + 


NOILONNS VY SV LAGLINO YOL95130 3SVHa 
iL-~2@ Olid 


LAdGLNO 


SLIOA 


97d 








i 


in the amplitude of the input signal, the amount of phase 
shift. introduced by the AN/APS-10 amplifier was easumed 
to have remained constant, 

A study of the curves in Pig. 2+7 reveals that the 
maximum negative output from all three phase detectore 
occurred yhen © = 187°. The most logical conclusion to 
be derived from such an observation is thet the phere 
shifter calibration #es in error. The fact thet these 
negative peaks do occur eat approximately the same point 
is encouraging, however. Assuming the error has occured 
in the phase shifter calibration, the dial setting chosen 
an the point of zern phase shift was a good choice. 

The 50 megsecycle carrier input signals to the phase 
detectors were next modulated #0 per cent vith a 1000 
eyele per second sine wave, in order to produce & sinu- 
soidal output wsveform. This one kilocycle output signai 
wae analyzed, using the General Radio Go, T36-A Wave 
Analyzer, to dstermine the harmonic content of the output. 
Over a wide range in amplitude of input signale, the NRL 
phese detector output had the lowest hermonic content, 
folloved by the differential amplifier phase detector, 
For small input signals, the full eave phase detector 
output vas of low bhermonic content, but for input signels 
of over 0.5 volta rme, the output hed 4 nigh second and 
third order hurmonic content. 


One test in which particuler intereat ws expr ssed 
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wan & etudy of the phase detector outputs 4&5 the ratio 

of the amplitude of the two inputs wee varied from 1:1 

to 10:1. For these tests the larger signal was applied 
to channel "A" and the smaller aignsal to chennel B"; tne 
signale were then interchanged to put tie emall esiunal 

in chernnel "A", and thw large signal in enannel “B", 

With e SO megacycle carrier, moduleted 20 per cent 
wt one Kilocycle, the amplitudes of tne two input signals 
were varied from 0.1 volta to 1.5 volts rms, The NRL and 
Gifferential amplifier phase detectore performed equally 
well under these conditions, but the output from tne full 
wave phase detector was distorted, perticuderly when 
large alagnals were opplied to channel "a". 

One of the stipulsted requirements of the phase de- 
tectors was that there must be no output when one of the 
input signals was zero, Over # renge of amplitude of 
input signal of 0.1 volt te 1.0 volt, spplied to either 
chennel, all three phase detectors met this requirement 
satisfactorily. Such s test stresses careful coil tuning 
and requirés equal voltages et the platea of the phese 
eaplitting, cathode-coupled amplifiers, 

When the frequency of the Input signals wasn 30 mega- 
cycles, each dstector was balenced to give zero output 
when © = 90°, One of the desired facts was an indicstion 
of how much frequency ehift from the center frequency 


could be tolerated before the phase ds tector output, 
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zero at 5O megac;cles, became a measurable quantity. 
Since the phase shifter was designed to operate only at 
oO megacyclss, the crrrier frequency produced by the 
signal generator could not be varied sith input signals 
applied to both channels, and yet neve the results be 

of any significance, A signal from the signal generator 
wae applied directly into exch channel, and the frequency 
shifted on elther eide of SO megecyeles until an output 
was observed from the phase detector being tested. "ith 
all three phase detectors, the frequency of the input 
Signal to either channel could be veried from 28 to 32 
megacyclea before the output voltage became aa large as 
two per cent of the output shen O = O’at the center 
frequency. 

With a modulsted 30 megacyele signel applied to both 
cheannela of seach phase detector, there was no increese in 
distortion in the output signal end no unbalance at a 
null condition when the plate supply voltage was varied 
ten per cent above end below the rated vlaue, No teets 
were conducted to determine the effects of varying the 
filament supply voltage. 

The officiency of detection taking plece in each 
phese detector vas measured, *ith the following results: 

NHL phase dotector--27.35 per cent 
Differential Amplifier phesee detector--28.7 per cent 
Full wave phase detector--S3.0 per cent 


The computed improvement in detection-efficiency for the 
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full eave phare detector over a half wave detector was 
123 per cent. This value sas computed for diode losds 
of &,2 K and 24~,-f . The computed velue sgrees fevor- 


ably with a measured inere:se of approximately 15 per cent. 


D. Results of the Phase Detector Teatea, Veing Pulsed 
Input Signale 


After the three phase detectors had been tested 
using Cf and modulated CW input signgles, one of the 
pulsére shown in Pig. 1-1 was connected to the signal 
gonerator., The output of a Hewlett Packard Model “00 
AuGio Oscillator was used to trigger the puleer; the 
frequency of the audio algnal ene the pulse repetition 
rate of the puleer cutput. A negetive output galse from 
the pulser ees spplied to the signal generator, whose 
output in turn @as on envelope of the carrier frequency. 
Fige 9-8 18 © photograph of the output waveform from the 
puleer, for « pulse width of 1.5 miercreconds,. A photo- 
greph of the signal generator output is presented in 
Pig. @=9. Note the slow decay in amplitude of the orcil- 
lstions along the trailing etge, slthcugh he moduloting 
pulee has a ateep trailing edge. 

The teste which hed been conducted for the CW and 
moduleted OW input signela to tue phais detector were 
repetited «ith the pulee inputs. None of the three . hase 


detectors tented hed a null or tero output *here one would 
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Fig. a-8 


Input pulse epplied to signal generator. 





Pais. 2-9 


Envelope of signal generator output. 
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have been obteined using C® input signals. This was 
particularly true for pulse widths ap to five micro-~ 
seconds. No matter what the setting of the pharee ehifter, 
there wae alesys a smal] output indication of both poler- 
{ties, This output was attributed to the fact thet tnere 
ig a certain amount of frequency modulstion at the leading 
and trailing edges of the signal generator output. The 
instentaneous Cevietion in frequency from the center fre- 
quency «ill not be shifted tn phase properly in tre phage 
shifter designed to operate only at 30 megacycles. 

When the pulse width was increased to 90 microseconds, 
the center of the pulee produced a satisfactory null. 
However, at the leading and trailing edges of tne pulze, 

@ gmall voltege "“apike" was present. The full wave phase 
Getector produced the beast null indicetions, and of the 
two half eave detectorr, the NiKL cireuit produced the 
better nulls, 

Mach new informetion wae gained fiom testing the 
phase detector circuits with pulsed input eignele. Of 
considerable signifieance was the sbsence of good, clear- 
cut mull outpute from 411 three phese detectors, Variation 
of the pulse repetition frequency from 500 to $500 pulses 
per second produced no chyunges in the wave forme of pnase 
detector output signals. The ainimum pulse width obtain- 
able from the General Redio Co, B69-A Pulser was measured 


as 0.56 microseeondis, and #ith uw pulse of thet duration, 








ZT 


the output waveform of each phase detector stili varied 
approximetely as the cosine function of O, the phese 
angle between the two inputs. This minimum pulse widtna 
will be referred to sgain in the next section. 

In sunmmeriging the reaults of the tests conducted 
on each phese detector, there are specific advanteges 
end disadventages for eech cireuit. Although the full 
wave detector produces a larger output for e given input, 
and the nulls «re better for pulsed input eignele, there 
4e a grester pereentage of hermonic distortion in the 
output. The power supply requirements nre mach greater 
because of the large number of tubes involved. From the 
maintenance viewpoint, the full wave pheee dstector — 
contains nine tuneable ecotls, whieh require a great deal 
of time to line up accurstely. 

Of the other two phase detectors tested, the results 
shor thet the NRL circuit was suverior in performance to 
the differential amplifier phase detector, These to 
eireuite eontein the seme number of tubes and coils, and 
require the seme amount of time to tune the coils and 
line up the circuit, From the point of view of compect- 
ness, the NRL phase detector muy be constructed using 
only two tubes--a tein triode for the phase eplitting 
cathode~coupled amplifler, «end a twin diode for the 
rectification stage. The addition of a two stage pulse 


amplifier vould produce lerger saignsels-then could be 
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obtained from the vuetly more complex full weve phege 
detector, The phase detector circuit designed by the 
Navel Resesreh Leboratory is euperior to the other two 


which were investigated, 


E. A One Megacycle Model of the Differential Amplifier 


Phase Detector 


The problem of how meny cycles of the carrier fre-) 
queney must be comp»red before a phase detector can give . 
& reliable indic»tion of the phase relationship existing 
between the two input signsels eas stated briefly in tne 
introduction. The answer to this problem could not he 
obtained when the carrier frequency «as SO megacycles, 
With the minimin pulse width availeble from the puleer 
0.66 microseconds, eack pulsed input signal to the phase 
detector eculd consist of approximately 11 cyeles of the 


duced 





carrier frequency. Since each phare detector pre 
@n output signal «hich varied satisfactorily as a function 
eof @ enen the input pulse width #aa a minimum, the 
anseer to the problem could not be obtained at 20 meya- 
ecyeles, with the existing equipment, 

A one megacyele differential amplifier phase detector 
was constructed from the schematic wiring diagrem given 
in Figs <-3. HKesistor values were not chenged, but alli 
capacitor and coil values were multiplied by s factor of 


$0, simee frequency «ea Givided by 30 and time multiplied 
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by e factor of 50. Additional capsecitors were added to 
simulate the effect of tube and wiring capacitances at 
one megacycle. 

To svoid the necessity of conntructing a new one 
mogacycle phase shifter, the new phsse detector wis tested 
using the system presented in Fig. 2-10. The aechematic 
viring diagram of the mixers i8 presented as Fig. 2-11. 

In operation, the output of the SO megacycle signal 
eenerator was a pulse of carrier energy, while the 29 
megecycle signel generator output vas a CW signal. Tue 
selectivity of the tank eclireuit in each m>xer was such 
thet there was no output from the mixers «hen the 30 
megeecyele signel was not applied. 

The amount of energy available in the pulee spectran 
of the input signal to the phare detector which reaciies 
the diodes for rectification is dependent upon the band 
width of the phese splitting cathode-coupled amplifier, 
For purpoges of compsrison, the band width of this amp- 
lifier in the 30 negacycle differential emplifier phase 
detector wes measured to be 16 megecyeles. in the one 
megacycle phase detector, the corresponding dand width 
was measrured ae 560 kilocyeles. For = exact comperison, 
the band width sould be 533 kilocycles. 

One limitetion encountered in using the synatem shown 
in Fig. 2-10 was the nerrow bend width of the mixer stegea. 


in order to have a useable output, the computed Q of the 
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mixer tank circuite was fixed at a velue of five, The 
actual measured band sidth of the mixers was 165 kilo- 
oycles, indiexsting a value of @=6,. With such « nerrow 
band width, approximately 5 per cent of the energy 
conteined in the spectum of es six microsecond pulse 

would not be pessed by the mixer. Im spite of this loas 
of energy in the mixer, the phase Getector operated gat- 
jefactorily for a minimum pulse width of six microseconds, 

The test on the one megacyele phase detector indicated 
thet a pulse width of six microseconds wes sufficient to 
insure reliable output signals from the phare detector, 

In a pulse shose width wes 81x microseconds there would 

be six comolete cycles of the carrier frequency. By 
analogy, the 50 megecvele differentiel omplificr phase 
detector would also provide reliable output signale sehen 
the input pulse contained only six cyclea of tne carrier 
frequency. This would be true for a 0.2 microsecond pulse, 
when the carrier frequency as SO megucycles. 

A more judicious line of reasoning could be obtained 
from the following procedure, Gonstruct phese shifters, 
tuned amplifiers, and phages detectors to operate at fre- 
quencies of one, five, ten and 15 megecycles, thereby 
eliminating the mixer stagés. With all units properly 
frequency-proportioned, determine the minimum input ,ulse 
width necessary in each care to produce the desired output, 


By means of a suitseble process of extrapolation, a good 
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indicetion of the minimum input pulee width necessary to 
produce satisfactory operation of the 30 megrcycle phase 
detector could be obtained, 

The steps outlined in the preceding paragraph would 
require a considerable amount of time for constructing 
and testing the unite. Such & program could well be made 
the basis for ea more complete investigation of pulsed 


high frequency phsse detectors. 








CHaPTin Lil 
THE PULS#-INT GRATING CInCUIT 


The primary function of the pulse-integrating circuit 
is to facilitate the accurate measurement of the envelope 
frequency of the phaee detector output pulses. This envel- 
ope frequency is the cyclic veristion in the amplitude of 
the phase detector output pulses if there is « conatant 
rate of change of phase between the two inputs to the phase 
detector. In the experimental system, the rate of change 
of phase was produced by attaching a small electric motor 
to the. shsft of the phase anift capecitor in the phase 
anifter. 

Pulse~integrating circuits are a comperatively recent 
development, and serve to stretch a pulss in time so thit 
its amplitude cen be closely observed and thie information 
hendled with greeter ease in subsequent circuits. A major- 
ity of the pulse-integrating circuits developed accept only 
positive input pulses, but fer stretching the output palses 
from & phase detector, a cireuit which will eccept either 


positive or negative input pulses must be used, 
A. Principle of Operetion. 


The principle upon which these circuits operate is as 
follows, expleined with the aid of Fig.5-0. With the switeh 


&S cloeed, a pulse from the source cher.es capécitor ¢C to a 
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voltage equal to that of the pulse peak. The time constant 
of the charging peth is very short. At the instant of 
termination of the input pulse, switch S is opened, and the 
charge stored on C must leak off through an output circuit 
whose input impedance is very high. As a result, the time 
constant of the discharge path of the storage capacitor C 
is very long, and the capacitor tends to retain the stored 
charge until the application of the succeeding pulse. Just 
prior to the arrival of the next pulse, switch S is closed, 


and the process repeats itself. 
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Fig. 5-0 Basic pulse-integrating circuit--block diagram 
Loss of the stored charge from the main capacitor 
between the end of one pulse and the beginning of the next 
pulse ill be referred to as voltage "droop". MThe greater 
the repetition rate of the input pulses, the smaller will 

be the loss of energy due to the voltage "droop". 
Por a clearer understanding of the operation of a 


pulse-integrating circuit, refer to the dive srams on the 
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following page. Fig. 3-1 represents 4 typical output weve- 
form from the phese detector, such as would be the case if 
the pulse repetition frequency vere 600 pulses per second 
and the envelope frequency were 50 cycles per second. The 
time interval beteeen pulses is the reciprocal of the pulse 
repetition frequency. Fig. 3-> representa the idealized 
output saveform from a pulee-stretching circuit, in that 
there is no droop in the chrrge stored on the capacitor 
during the interval betreen pulses, ith a minimum of 
filtering, a good sinvecidal saveform could be obtained 
from such an output. 

in the lsboratory, using a relatively simple cirecult, 
it proved to be impoesible to obtain the waveform shown in 
Pig. 3-2. The rerults obtained sere, however, encouraging, 
and further refinements in cireuit design and #«iring should 


improve the overall performance of the circuit. 
8. The Cirewit Teeted in the Laborstory. 


A study of the history of pulse-integrating circuits 
reveeled thet most of the circuits had been designed to 
aceept input pulsea of one polsrity only, usually positive. 
Their principal use sas in stretching out the video pulses 
in radar sets for a mwunaber of different peryepes. The 
circuit chosen for detailed study is not original with tne 


author.2 Of primery importance ere the ability of this 





l. ThRis pulse-inteyrrting circuit is credited to 
Mr. B. M. Oliver of the Bell Telephone Laboratories, 
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eircuit to accept input pulses of either polerity, ite 
simplicity, and the economy of components. A schematic 
wiring diagram of the Ciode pulse-integreting eircuit is 
shown in Fig. 3-3 on the following page. 

The operation of thia circuit is as follows. With 
no input signal end no clamping gate applied, the diodes 
are non-conducting because of the negative bias voltae 
across them. A positive clamping gate is applied to the 
pulse transformer Tl. The amplitude of the gate sppearing 
acrosa the secondery of Tl should bse sufficient to overcome 
the bias voltage, and current will flow in all of the 
diodes. Let us assume identical tubss, such that the 
current flowing in each diode is the seme, 

“ith all the diodes conducting equally, a positive 
input pulse decreases the voltaye across V1 and inereases 
the voltage across V2. The current through V? and Ve 
is ineresecd, while the current through Vl and V4 ia de- 
creesea. The difference in currents through V? and V4 
produces & positive cherge stored on the main capacitor C. 
Simllerly, a negative input signal incresses the current 
through Vl snd V4 while decreasing the current through 
V2 and V3, and the chserge stored on C is negetive. 

Because the clamping gate has been applied prior to 
the arrival of the input pulse, the time constent of the 
charging peth of capacitor C ie very short. As soon as 


the input pulse hase terminated, the clemping sate enda. 


ee FE aebek Fett Ye Hen dee Newel Hinman frre 
3 Ee 2 fa Se eee 
ovine Fo pat 


aie ee = aa | 





7" 
7 _ ——— 
7 al ies = 
*< - Lp : i 
7 =. a ae —_— A Cd 
a. 7s ge ire . 
- _ eo 
6 
a 7 _ —— 
; | 
_ —— - 
a —= 
@ eS © eo e 
4 , = 
@ =" 
4 — 
Ps 
rl 
an 





og 


LINDYID 


S1v9 
ie tLe. 


OSNILVHYOSINI 3S1Nd 
€—¢€ Sid 


Loge xn --'L le 


Jivsd 
SNIGWV 19 oe 











40 


The negetive bias voltage secross the diodes prevents con- 
duction, and the charge stored on © gradually decays 
toward zero during the interval between pulses. The 
cethnode follower output stage has been designed to provide 
a high input resistance in an effort to reduce the leakzuys 
of charge from C. 

fhe most critieal feature of the pulse-integreting 
ecireuit is the time relationship between the clamping gate 
and the input pulse, Generally spesking, the duration of 
the clamping gate is not too important. If the input 
pulae has w duration of one microsecond, the width of the 
Clamping gate may be varied from two to ten microseconds 
with no appreciable chenge in tne output vsaveform,. It is 
most important, however, that the input pulee arrive at a 
time such that the pulse width ie exactly equal to or 
sligntly less then the remaining duration of the clamping 
gate. The resson for this exact tinting ie readily 
apparent. 

Let us assume an input pulse vidath of one microsecond 
wna e clesping gate duration of five microseconds, «ith 
the Input pulee eset to arrive tec m croseconds after the 
Clamping gate has been épplied., “ith the diedes conducting, 
cepecitor C will store a cherge, and the voltage developed 
seroes C Will be equal to the smplitude of tne input pulse. 
After the input pulee hes ended, the clamping sate ie still 


applied to the cireuit, and the diodes remain in the 
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conducting state, The short time constant charging peth 
for C still exists, end serves to provide a short time 
constant Gischarge path for C.. During the remainins two 
mieroseconés of the clamping gete duration, al11 of the 
charge stored on C Mas leeked off through the lov inped- 
ance source of the input pulsee.. 

On the following page the <«aveform of « three micro- 
second eclemping gate applied to the transformer Tl is 
enown in Pig. 3-4, while a typical positive input pulse 
one miercsecond in width is presented in Plg. $-5. 

Fig... 6-6 is a pnotograph showing the superposition 
of the clamping gate end the input pulse, positive in 
this case. The assumed conditions described in «.previous 
paragreph ere clearly illustrated, exeept thet the photo~- 
graph portraya a one microsecond pulee ruperinovored in 
approximately the center of a three microsecond gatc, 
Thia picturs is of the voltége waveform existing st the 
pletes of V1 and Vo 

hen the esp fa Ente causes the diodes to conduct, 
und the input pulse does not arrive until served micro- 
seconds ister, any charge stored on the capacitor from 
the preceding pulse is lmmedietely dissipéted through the 
short time constant discharge prth. “ith the arrivel of 
the next pmiee, the capacitor msssumes a neve charyse, and 
the eclemping gate must be terminated immediately to pre- 


vent tne undesirable loss of cherge stored by tne new 











Fig. 5-4 


Waveform of clamping gate 


__/\____« 





Fig. 5-6 


Waveform of one microsecond input pulse 


42 





43 





Fig. 5-6 Superposition of clamping gate and positive 
input pulse. 





Fig. 5-7 Voltege waveform at input’ to cathode follower, 
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input signel. Pig. 3-7 illustrates this action clearly. 

A positive charge has been stored on the capacitor prior 

to the arrival to the clempins gate. This photograph 

shows tne sudden exponential decay of the voltage sucroes C 
whnen the clampin. gate errives, the new positive input 
pules, and a slight loss in esapacitor cherge before the 
clamping gate is termainzted. Fig. 5-7 does not represent 
the optimum position of the input signal relative to the 
clemping gate. The photograph was taxen to substantiate 
the preceding statements. For the emallest loss of stored 
information, the clemping wate should be terminated before 
there is any discharge from the ecapscitor, once it has been 
charged to the level of the input pulse. In the laboratory, 
the circuit opersted satisfectorily when the input pulse 
and the clemping gete were of tne same duration. 


C. Design Considerations, 


One of the more desirable fertures of the circuit is 
the manner in which the clemping gate is applied. ith no 
input pulee, end a #ell-balanced cireuit, no signal will 
appear et the plates of Vi and V4 when the clemping gate 
isa present. This action reduces the amount of undesirable 
noise voltege *«fiich ould apveer et the filter output. 

The optimum size of the storese capacitor C must be 
considered carefully. If the tnput pulee source impedence 
is S00 ohts, and the impedence of eech conducting diode ia 


aft ~ebewset ht VY not «eee feet 
Oe owt Rin eee 4 


t i 
> — ae (“ee 7, oon Pe a 2 
¢ 7 o - 





°o | 
i . 
-_ cy . J 7 7 .  ) 
/ | - a - 
‘ Ly 
2 
c 7 
os 
ae 
_ @ c 
i 
=> ' 
Ss 
. 
a ——— S -_ - a 
= Hl 
y es 
— 
_ 2 





45 


100 oh=ms, the impedance in the cherging path is approxim- 
stely 500 ohms. WFith an input pulse width of one micro- 
second, the maximum possible value of C is S00 auf, if 
the voltexue across C is to approach within 2 per cent of 
the amplitude of the new input pulse, If the size of C 
1a increaged to 1000 a» F » the voltese stcrose C will 
change only 86 per cent of the total tunne This Yas 
observed in the leboratory when capacitors of verious 
sizes were tried, 

However, the size of C pleye a vitel pert in the 
emount of voltae droop shich can de tolerated during the 
interval betveen pulses. The charge stored on C can leak 
off through eeveral pethe, prineipally tne input resistance 
te the cathode follower stese. Agsunming a syood capacitor 
with @ small power factor and no loss acrogsr tne diodes, 
the resistanee of the discherge path sould equal approxim- 
ately the input resistence of the eathode follower. The 
computed resistence is 25 megolens and if C = 500 maf, 
the time constant of the discherge prth is 1°,500 micro- 
seconds. ith a pulse repetition frequency of 1000 
pulses per second, 7i per cent of the dears stored on € 
would leak off before the next pulse errived. The od- 
served voltede droop in the laborstory st a pulse repetit- 
jon frequency of 1000 pulses per second was approximately 
123 per cent, indicating that the actual input impedance 


to the ecethode follower vas not as high os the computed 
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value. A velue of C = 500 mf proved te be the optimum 
size in the experimental circuit. 

In actual practice, there will be very lerge leaksege 
registences serosa tne diodes and time capacitor, so the 
magnitude of the cathode follower input Uapedance should 
be inecresceod as much ae poasible, and set have a flexible 
epthode folloevr output stuge. Increasing the size of C 
would decrease the droop, but the value of this capacitor 
ig also governed by the sidth of the input pulec, as 
explained previously. The most practienl solution would. 
be an increses in the pulse repetition frequency, but in 
meny cases this is not desirable, 

The amplitude of the clemping gete produced ecioss ine 
secondery of Tl should be at least four tines tne amplitude 
of the largest input puise to be hendled, ehile tne mag- 
nitude of the negetive biss voltegs should be et least 
trice the aaplitude of the largest input pulee. hen the 
clamping gate overcomes the fixed biss voltage, tae poteat- 
fal «c.oss cach diode should ve sufficiently large to prevent 
any diode from heing cut off by the largest input signel. 
If the amplitude of the largest signal is 10 voliz, at 
least a 20 volt Dias source and 40 volt clamping gate should 
be used. The lcm bige voltage slise prevents a discharge 
of tne charge stored on C back through the diodea,. 

The principal disedvantege cf the cireuit 1s tne fact 


thet the diodes, »ulse traneformer and bias source are all 
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floating with respect to ground. irping capecitance may 
prove to be the most troubicsome, altnough in the lebor~ 
etory the negative bies source was located outside the 
experimental chtiasis «ith no ill effects, 


Replacement of parte did not affect the operation of 





the circuit, since no component hes a purticularl;y eritical 
Value. Neither tube replecement mor a different transformer 
effected the amoiitude or weveform of tne output. 

In summarizing the performance of tie pulse-integrating 
@ireuit which was investigeted, the operational limitations 
are enumerated below. Firet, the circuit requires a criticel 
time relationship bet»esn input pulee and clamping gate. 
Second, some compromise muet be reuched es to the i ninum 
pulse width «nich cen be stretched and tne amount of volt- 
age droop which cen be tolerated. Third, tne majority of 
the components comprising the circuit ere flosting with 
reapect to ground. Fourth, tie circuit is insensitive to 
input pulses of emall amplituds, i.e., less than one volt. 
These lim'tations are accepted in view of tne fact that 
the cireuit accepts input pulses of either polsrity equally 
well. 


D. Suge*stione for Further Work, 


Another method of atretching pulses wes proposed and 
rejected because of its complexity. The input pulses 


would be epplied to 2 multivibrators, one to be triggered 
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by the positive pulses and the other to be trigaered by 
negative pulses, The output gate from each multivibrator 
would hve the game polerity es the input puise which 
trigyered it, The emplitude of the output gate would algo 
be proportional to the amplitude of tha input pulre. 
Duration of the orntput gutea would be adjusted te aeligntiy 
less than the interval between pulses, 

This method might be dueveloped inte a uaeful aude 
integrator, but the preblem of biasing the multivibrators 
so thet an input pulse triggered only one miitivibrater 
would be diffieult, perticulerly for pulses of email 
emp tbude. where etruuihe of qreniar complexity are not 
es ques a sehen might be tne best methed cof 


overcoming Wndesiredic voltage droop, 
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CHAFIERR IV 
THE OF KATION OF THE BNPLAM SYSTHM 


The equipment shown in block disuram form in Pig. l-l 
wae connected as indicated and pleced in operation. A two 
stage pulse amplifier shove schematic wiring diagram is 
given in Pig. 4-2 was incorporated into the system when it 
was diseovered that the esihao—dilhd kine bilan circuit was 
insensitive to the small amplitude output pulses from the 
phase detector, The gain of the pules amplifier was ad- 
justed for each phase detector used, since the outputs 
of the three different phase detectors were not equal, 

, With the major portion of the theeis resesrch devoted 
to 50 megacyele phase detectors and the pulse-~-integrating 
sireait, the design of the best possible filter network 
was not rttempted. A simple RC filter, shown in Fig. 4-3, 
wae used to smooth out the output waveform from the pulse- 
integreting cireuit,. An attenuretion versus frequency 
characteristic of this filter is shown in Fig. 4-4. A 
low-pass LC filter with a cutoff frequency of 100 cycles 
per second would require chokes of considerable size, and 
it was felt thet time would be better spent on other phases 
of the system rather than the design and construction of a 
good filter, 

The audio amplifier contained in the Model S00 
Ballantine Electronic Voltmeter was used to amplify the 





oO 


sinusoidal output waveform from the filter. Although 
this amplification was not absolutely necessary, it was 
ueed to present an enlerged pettern on the cathode ray 
oscilloscope for cloeger inspection. 

The enall electric motor attached to the phase 
shifter was briefly mentioned in the previous chapter, 
The operating speed of this a-c motor could be varied 
only by changing the line voltage, and a speed of from 
2000 rpm to 3100 rpm was possible with this arrangement, 
Thus the frequency of the filtered output from the pulse- 
integrating circuit could be varied from agproximately 
o7 cycles per second to 51 cyeles per second. As the 
speed of the motor #as veried, the chrenge in output fre- 
quency was readily observed on an oscilloscope used to 
view the output from the eudio amplifier. 

Variation of the pulse repetition frequency h:d an 
important effect on the output waveform observed. “hen 
the pulse repetition frequency was low, i.@., 500 pulses 
per second, the effect of droop during the interval be- 
tween pulses could not be completely smoothed out by the 
filter, Fig, 4-1 consists of three photograpns taken of 
the audio amplifier output weveform at a frequency of 50 
cycles per second, for pulse repetition frequencies of 
1000, 2000, and 20CO pulses per second, These pictures 
vere taken with a pulee width of one microsecond and a 


clamping «ate width of three microseconda, with the pulse 
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set to arrive during the last one microsecond of the clémping 
oate auration., The higher the pulse repetition frequency, 
the more closely the waveform approaches a true sine wave, 

A General Radio TS6-A Wave Analyzer was used to measure 
the harmonics content of the audio amplifier output «eveforn 
for different pulse repetition frequencies. The curves 
plotted in Pig. 4-5 corroborate the photographs in Fig. 4-1 
in that increasing the pulse repetition frequency decreaces 
the perecentase of pulse repetition frequency componcnots 
appeering in the output. Low-order harmonics present due 
to distortion in the envelope of the phese detector output 
ean not ve reduced by increasing the pulse repetition rate. 

The primary reason for connecting all of the equipment 
shown in Fig. 1-1 has been the accurate measurement of the 
phase detector output pulse envelope frequency. In this 
manner the rate of change of phase betseeen the two inputs 
to the phase detector can be measured, Por the best oper- 
ating performance, tno output waveform should be as nearly 
sinusoidal sex possible. Some distortion will be introduced 
by the phase detector, and high fréquency components 111 
pe adided in the pulse-integreting eireuit, Additional 
work to Increase the Input impedance of the cathode follorer 
output stage of the pulse integrating eirevit and the design 
of a better filter for smoothing purpores should ivprove ths 


output weveform noticeéebly. 
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Fig. 4-1 ( 
° a) Out; 
yl waveform with tk 
quency = 1000 pps 18 pulse repetition 





Vic A 
‘ Se Aw) (b} 
, Outoiut ‘ pe 
freq: aa ce with the pul 
ieney = YvQO pps. 36 pulse repetition 








Fig. 4-1 (c) 


Output eaveform with the pulse repetition 
frequency = 3000 pps. 
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